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INTRODUCTION

An array of three borehole tiltmeters has been established in the seismically active
Charlevoix region of Quebec. The measurements are designed to sample the earth
tide response as a possible indicator of changing crustal conditions and, by monitoring
secular and transient tilts, to directly detect regional crustal deformations associated with
processes occurring at depth.

In this report we discuss the status of the experimental program and the results
from analysis of the tides, the secular component and the non-linear tidal harmonics, or
overtides. Time variations of the tilt tidal admittance have been studied in conjunction
with parallel analyses of data from nearby tide gauges. We show that most of the variability
in the tilt is reflected in the marine tide. A similar analysis of continuous tide gauge data
recorded at stations distributed over the whole of the St. Lawrence estuary during 1972 to
1974 was analysed as a step towards establishing a spatial characterization of the marine
tide variability. Results of regression analysis of the sub-tidal tilts with continuous water
level measurements confirm that for all three boreholes most of the variance is associated
with hydrological processes and that these effects are attenuated with depth. The mean
admittance results for the non-linear constituents M4 and M6 are in good agreement with
estimates based on a loading model for the St. Lawrence estuary.

EXPERIMENTAL DETAILS

The array consists of three boreholes forming a triangle of approximately 80m side.
Two of the holes, 1 and 2, are 47m deep and the third, borehole 3, is 100m deep (Peters
and Beaumont, 1985). The holes are instrumented with Bodenseewerk Gbp 10 borehole
pendulums and the data are continuously recorded on strip chart recorders. Figure 1 shows
the status of data collection and processing at the end of 1984. Since the end of 1982, the
data have been virtually continuous (98.3%) for borehole 1, and totally continuous for
boreholes 2 and 3.

While the azimuth of the two shallow instruments is determined optically (Peters and
Beaumont, 1985) and is known to within 0.5 degrees, that of the third hole, in the absence
of a line of sight, was estimated by a onetime gyroscopic survey. The survey result is,
however, inconsistent with the observed tidal response, indicating that either the survey
or the positioning of the tiltmeter in the hole is in error by about 60 degrees. The azimuth
has been estimated on the basis of the observed tide but can only be determined to within
plus or minus 10 degrees. This is not a hindrance to studies of the stability of the tidal
?d4mittance.

TIDAL ANALYSIS - THE LINEAR TiDE

A detailed accoiint of the tidal analysis method is given in Pete-rs and Beaumon+
(1985). That discussion includes a mathematical description and justification of the
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HYCON program. The essence of the method lies in the recognition that real tidal data
cannot in general be modelled as a sum of known astronomical frequencies superimposed
on white noise. Additional deterministic components are inevitably present to some degree.
and these will interact with the data window potentially to bias the tidal estimates.
HYCON permits the use of the Hanning window which, when applied to the data, has
the effect of reducing sidelobe leakage in the frequency domain from unmodelled spectral
components. This is particularly important in time variant analysis where artificial
modulations are difficult to distinguish from those due to physical sources.

Data from the tide gauges St. Joseph de la Rive (12 Km to the south of the site) and
Tadoussac (90 Km north-east) recorded during 1983 were analysed in conjunction with the
tilt from boreholes 1 and 2 for the same period. The results for M2 are shown in figures
2 and 3 for amplitude and phase, respectively. The range of the tilt amplitude variations
is around 10% and correlates very strongly among the four components. The correlation
also extends strongly to the two tide gauge series and indicates a clear connection with the
tilt through loading. However, the range of the variations at St. Joseph de la Rive, the
nearest gauge, is fractionally only half that of the tilt. Since we expect the nearest tide
gauge to be most representative of the loading, it remains for us to explain the "amplified"
tilt response. The answer may be connected to the surprising phase characteristics shown
in figure 3.

The four tilt components behave nearly identically for M2 phase, again confirming a
regional effect. The two tide gauges, though, not only show no correlation with the tilt,
they do not correlate with one another. We investigated further this apparent lack of
spatial coherency in the M2 marine phase variations. During the period August, 1972 to
July, 1974 all of the permanent tide gauges in St. Lawrence estuary (shown in figure 4)
operated continuously. The data sets were analysed in the same way as those above. The
results are plotted in figures 5 and 6 for the P1SIK 1 group amplitude and phase, and in
figures 7 and 8 for M 2 .

The diurnal constituents (here represented by P 1S1 K1) show remarkable coherency
over the whole estuary both in amplitude and phase. In contrast, the M2 amplitudes (figure
7) are only weakly coherent on a regional scale, although in the vicinity of the Charlevoix
area, a few gauges (4, 5 and 6) correlate well. The phases show no such systematic
behaviour. It is possible that the rapid spatial change in the admittance patterns could
account for 1) the differences between the tilt and the tide gauge phase variations and
2) the difference in the fractional changes in admittance amplitude between the tilt and
the tide gauge at St. Joseph de la Rive. Clearly, estimating the variations in the loading
admittance for M2 cannot be done on the basis of a single tide gauge.

Since we have established that the variations in the tilt tidal admittance are connected
with the loading input, to what extent can we correct for the input fluctuations and thereby
study the stability of the Earth's tidal response? In figures 9 to 12, we have plotted on
polar diagrams the 01 south and east and M2 south and east admittance functions for
1983. The light shaded area represents the range of the observations. The superimposed
dark aie is the area representing the range of the residual admittance tilt after regression
on the tide gauge at St. Joseph dc la Rivc. In the 4-ase of 01, since both the arrplitudeb
and the phases, respectively, were highly correlated, each was modelled separately. Only
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the amplitude could be modelled for M2 . The phase range of the M2 residual therefore is
the same as the observations. The filled circle in each plot represents the degree to which
the redundant admittance determinations for each direction are incoherent (based on the
range of the residual from the regression of 106 on 107). This places a lower limit on the
detectability of regional signals around 10% or 01 and 1% to 2% for M2. Note that in the
four cases there is little room for improvement (in terms of amplitude) of the model of the
time varying loading input.

SUB-TIDAL TILTS

Figure 13 is a plot of the low pass filtered observations from the tiltmeters in boreholes
1, 2 and 3 and water level from well b(70) adjacent to borehole 2 (lower part); and the
residual from the linear regress'on of the water level on the tilt (top part). The long
term tilt fluctuations are similar in size and character for the borehole 1 and 2 (47m
deep) components. They range between 2 and 4 irad and correlate with water level.
In borehole 3 the X-component, with azimuth approximately 120 degrees, is dominated
by an exponential term possibly due to instrumental instability arising from mechanical
repairs. The y-component (azimuth 210 degrees) correlates strongly with the water level
fluctuations. Table 1 shows the tilt/water level transfer coefficient for each component
as well as an estimate of the linear drift (with 95% confidence limits) derived from least
squares fitting of a straight line to each component residual. Estimates are not yet given
for the X-component of hole 3.

The water level correlation persists in the residuals for both of the east components
and hole 1 south, indicating that the regression model can be refined. For all components
the drift rates are well determined. In the south, holes I and 2 drift in opposite directions
at 1 prad/yr, placing a lower limit on the detectability of tectonic tilts at 2 firad/yr.
The hole 1 east rate is negligible and may represent an upper limit to the regional trend.
However, basing the detectability of tectonic signals on the level of incoherency between
redundant measurements, the lowest detectable regional signal in the east direction is 0.25
prad/yr. This is equivalent to the rates reported in the comparative tilt experiment at
Pinon Flat, California which has measured among the lowest rates so far reported [Wyatt
et al., 19841.

The large difference between the observed drift rates emphasizes a major difficulty for
borehole measurements. Although the effective measurement baseline in the Earth is much
larger than the instrument baselength (because of the rigidity of the borehole casing), the
coupling interval of the instrument to the casing is only 1.Sm. The intrinsic stability of
long baseline instruments like the 535m UCSD tiltmeter [Wyatt et al., 1984] is potentially
300 times better. In boreholes, very high stability is as much a function of good luck as
good management.

NON-LINEAR TIDES

Beaumont [197R1 and Agnew [19811 have discussed possible sources of non-linearity in
the Earth which may be manifest in the tidal response. Figure 14 shows the amplitude
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spectra for boreholes 1 and 2 in the non-linear bands showing significant peaks. In table 2
we compare the observed mean M4 and M4 admittances with those predicted on the basis
of a loading model of the St. Lawrence estuary. The model is the same as that of Peters
and Beaumont (1985) using in this case the M4 and M6 tidal distribution. Although for
these constituents the marine tide distribution is poorly known (because of its rapid spatial
variability) there is good agreement, especially in the east direction, between theory and
observation. This suggests that most of the non-linear content of the tilt is due the loading
input.

SUMMARY AND CONCLUSIONS

Time variant tidal analysis of the continuous 1983 tilt data in conjunction with
marine data from the St. Lawrence estuary has confirmed that variations in the tilt tida
admittance axe largely due to the time varying loading input. Regression analysis of the
tilt and tide gauge admittance series reduces the M2 amplitude baseline for the detection
of crustal response anomalies to the 1% to 2% level and for the 01 baseline, to the 10%
level. The outstanding problem is to characterize the spatial distribution of the marine
M2 variations so that a correction for the variable loading input function can be made for
both amplitude and phase.

The sub-tidal tilts correlate strongly with water table fluctuations. Regression analysis
of the tilt and water level series indicates that a linear model explains most of the variance.
The water level effect is attenuated with depth. However, since the response is strongly
polarized (see Peters and Beaumont, 1985), we need to study the response for the three
boreholes in the sensitive azimuth to determine the degree of attenuation. The linear
drift rates of the tilt measurements are quite variable. Based on 1.5 years of data, the
detectability of coherent regional signals is 2 prad/yr in the south direction and 0.25
prad/yr in the east.

There are prominent non-linear tidal components in the tilt observations. The best
determined of these, M4 and M6 , compare well with the amplitude and phase predicted by
a loading model of the St. Lawrence estuary, indicating that there is no obvious non-linear
crustal response anomaly detectable in the data.
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FIGURE CAPTIONS

Figure 1. Data available from the borehole tiltmeter experiment.

Figure 2. Plots versus time of the changes in M2 amplitude for the south and east
components of tilt in boreholes 1 and 2 and the tide gauges at St. Joseph
de la Rive and Tadoussac. The percent scales represent fractions of the mean
amplitude.

Figure 3. Plots versus time of the changes in M2 phase lag for the south and east
components of tilt in boreholes 1 and 2 and the tide gauges at St. Joseph
de la Rive and Tadoussac. The percent scales represent fractions of the mean
amplitude.

Figure 4. Map of the St. Lawrence estuary showing locations of tide gauges. The
Charlevoix site overlaps STJ (6) on this scale.

Figure 5. Plots versus time of the changes in the PISK 1 group amplitudes for the tide
gauges shown on the map in figure 4. The number to the right of each series
corresponds with the tide gauge number in figure 4. The dotted curves trace
out the error envelope for each time varying amplitude series based on the 95%
residual error calculated in HYCON for each overlapping estimate. The time
axis is in days relative to Julian day 1, 1972.

Figure 6. Plots versus time of the changes in the PISIKI group phase lag for the St.
Lawrence tide gauges. Details as in figure 5.

Figure 7. Plots versus time of the changes in the M2 amplitudes for the St. Lawrence tide
gauges. Details as in figure 5.

Figure 8. Plots versus time of the changes in the M2 phasc lags for the St. Lawrence tide
gauges. Details as in figure 5.

Figure 9. Polar representation of the variability of the 1983 tilt data for 01 in the south
direction. Amplitude is proportional to the distance of the point from the
origin. Relative amplitudes are scaled by the 10% scale interval. The solid line
represents the mean admittance vector. G is Greenwich phase lag. Details of
the computations are explained in the text.
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Figure 10. Polar representation of the variability of the 1983 tilt data for 01 in the east,
direction. Details as for figure 9.

Figure 11 Polar representation of the variability of the 1983 tilt data for M2 in the sou'h
direction. Details as for figure 9.

Figure 12. Polar representation of the variability of the 1983 tilt data for M2 in the east
direction. Details as for figure 9.

Figure 13. Lower Panel. Plots versus time of water level and the low pass filtered tilt
observations from boreholes 1 and 2. Upper Panel. Plots versus time of
the residual from regression of the water level on the low pass filtered tilt
observations. The curves are identified by the borehole number and the letter
S(outh), E(ast), X or Y according to the component direction. The time axis
is the same for both panels, marked in days relative to 27 Nov., 1981.

Figure 14 Fourier amplitude spectra of the non-linear tidal bands.
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TABLE 1. COMPARISON OF SUB-TIDAL CHARACTERISTICS AMONG BOREHOLES

Hole 1 Hole 2 Hole 3

South East South East X(120) Y(210)

Transfer
Coeff 2.35 1.21 2.46 5.02 0.78

nrad/cm

Drift
Rate -0.97 0.01 1.01 0.26 - 0.04

,urad/yr

Error
(95%) 0.02 0.03 0.01 0.03 0.01

prad/yr
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TABLE 2. COMPARISON OF M 4 AND M4 - OBSERVED VERSUS THEORY

SOUTH EAST

Hole 1 Hole 2 Model Hole 1 Hole 2 Model

M4

Amplitude 2.19 3.08 3.74 6.80 7.77 6.66

nrad (0.08) (0.11) (0.17) (0.20)

G 340.2 339.5 339 352.7 352.9 346

deg (3.9) (31) (9) (21)

M6

Amplitude 0.34* 0.44* 0.91 1,58 1,87 1.72

nrad (0.08) (0 14)

G 100* 75* 63 254 22,8 23.5

deg (3.8) (5.0)

*Preliminary estimate

*Bracketed figures are 95% error estimates
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Figure 2 Plots versus time of the changes in
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